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1. INTRODUCTION

The electrothermal-chemical (ETC) gun, generically shown in Figure 1, is a propulsion concept which
utilizes a low-mass, high-energy plasma to initiate and, hopefully, control the combustion/vaporization of
the working fluid (propellant) during the ballistic cycle. Controlling combustion (exothermic working
fluid) or vaporization (endothermic working fluid) of the working fluid in the ETC gun is necessary in
order to tailor the pressure-time profile in the gun. Theoretically, tailoring the pressure-time profile to
obtain a "flatter” and extended pressure curve should result in enhanced performance (increased muzzle
energy) and provide a "softer” launch environment to enhance projectile integrity, especially for "smart"
projectiles. In addition, precise control of the pressure history should also allow for the required projectile
velocity repeatability required of indirect fire support (artillery) applications. An essential facet of
understanding the control of the process through the plasma-propellant interaction is an accurate
description of the energy release rate (J/s).

In previous work (Wren and Oberle 1990, 1992), the authors derived and implemented an inverse
analysis of experimental ETC gun firing data to determine if a relationship between electrical energy input
and energy release rates was indicated. For that analysis, variable thermochemical properties of the
propellant gas/plasma mixture were assumed to be dependent only on the constitutive components of the
propellant and the electrical energy density (kJ/g; ratio of total electrical energy input to consumed
propellant). Implementation of this variable thermochemistry in the computer model was through the use
of "look-up" tables, similar to Table 1 for JA2 propellant (Bunte and Oberle 1989). Values in the tables
were obtained using the thermodynamic equilibrium code BLAKE (Freedman 1982) at a fixed loading
density (ld) (g/cm>; ratio of consumed propellant to free volume) of 0.2 g/cm?.

However, a detailed analysis of the results from the study identified several potential shortcomings
related to the use of look-up tables for the thermochemical properties. First, the values of the
thermochemical properties are dependent on the loading density, as illustrated in Table 2 for JA2

propellant.

Fortunately, it has been shown (Robbins 1991) that for traditional solid propellant modeling,
consideration of the loading density dependence of values of the thermochemical properties has no
significant (<1%) impact on simulation results, even through loading density (ratio of mass of gas to gas
volume in g/cm’) can vary over a large range, as illustrated in Figure 2. Similar results have yet 1o be
demonstrated for ETC simulations. In fact, for the ETC gun, the problem of determining the energy
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Figure 1. Schematic of ETC gun.

Table 1. Variable Thermochemical Properties for JA2 as a Function of
Electrical Energy Density

Electrical Molecular Specific
Energy Input Temperature Impetus Weight Y Energy
(ki/g) (K) J/g) (079

|
0
1 3,959 1,334 24.686 1.2219 6,012
2 4,401 1,504 24.337 1.2219 6,778
. 3 4,776 1,663 23.882 1.224]1 7,421
4 5,113 1,819 23.378 1.2275 7,996
5 5,429 1,975 22.857 1.2316 8,528
_ =




Table 2. Loading Density Dependence of Values for Thermochemical Properties
Computed by BLAKE for JA2 Propellant

0.60

JAZ, 120mm
Constant Thermochems
ot loading density

of 0.2 g/cc

Average Id = 0.236

Loading Density
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Figure 2. Loading density history in a 120-mm simulation using IBHVG? (Anderson snd
Fickic 1987}
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release rate is further complicated by the staged introduction of electrical energy which produces
combustion gases with even larger changes in thermochemical values compared to solid propellants alone
(see Tables 1 and 2). Thus, it appears that for ETC interior ballistic (IB) calculations, both the loading
and electrical energy densities should be considered in determining the energy release rate. Although
some earlier (Oberle 1989; Gough 1989; Wren and Oberle 1990, 1992) investigations of ETC performance
considered variations in thermochemical values (energy release rate) as a function of electrical energy
density, no work has incorporated both variations in loading density and electrical energy density.

A second and potentially more serious shoricoming to the use of a look-up table is the accuracy of
the table values as the electrical energy density increases to produce average gas temperatures above
5,000 K. The thermochemical values typically utilized in IB codes are flame temperature, chemical
energy, and covolume based on polynomial fits to experimental values of specific heat at constant
pressure, Cp. In the case of BLAKE, the JANAF data for Cp for all of the product gases are computed
using statistical mechanics based on spectroscopic data. Although these calculations can be readily
extended well above 5,000 K, tables of these data traditionally terminate around 5,000 K. Thus, the
fittings of the data are valid only to 5,000 K. The polynomial fitting functions for C, take on values to
plus or minus infinity outside the fitting range; C, will behave similarly. Their ratio y will approach one
in the limit, and the value of Y above 5,000 K is thus useless for the ETC application (Freedman 1991),
since gas temperatures for ETC propellants may be high, at least locally, where the plasma temperature
is typically in the range of 10,000-15,000 K. Thermochemical values for high electrical energy densities,
and hence, high temperatures, are thus ill-defined and based on extrapolated polynomial fits.

Traditionally, the chemical energy is determined primarily from impetus and the ratio of specific heats
(¥). Since vy is directly related to specific heat at constant pressure and C, is supplied to BLAKE as
experimental data, it might be expected that extrapolated values of y are particularly poorly behaved. In
the previous effort (Wren and Oberle 1990, 1992) to determine energy release rates, an adequate
description of ¥ above 5,000 K was a major shortfall. In addition, the y calculated by BLAKE is for the
gas phase only and does not address the use of solid particles used in some experimental ETC propellants.
Previous IB calculations have shown that traditional measures of "goodness" of the propellant may not
be applicable to ETC propellants containing large amounts of solid particles such as aluminum (White and
Oberle 1989).




Therefore, to address the question as to whether fixed thermochemistry will be sufficient to describe
the ETC IB process and bypass the use of ¥, the thermochemical code BLAKE has been directly linked
to a lumped parameter IB model and an inverse model developed earlier. The computed value of the
space-mean pressure is supplied directly to the IB and inverse codes, thereby directly including the effect
of the loading density and electrical energy density and obviating the need for impetus and y in the
calculation of energy. Although the space-mean pressure is also related to the experimental values of
specific heat at constant pressure, it is expected to be much more reliable since it is a function of several
well-defined variables (Freedman 1991).

2. DESCRIPTION OF THE MODELS

The thermochemical code BLAKE was revised to serve as a subroutine to a2 main calling program.
BLAKE requires the constituent data as well as values of electrical energy density (electrical energy input
in kilojoules/mass of propellant consumed in grams) and loading density. The thermochemical code then
returns the space-mean pressure of the gas assuming equilibrium thermodynamics.

Two implementations of the thermochemical code are explored in this report. The first is a traditional
time-marching IB formulation using a Lagrange gradient and expressed in a form to utilize the space-mean
pressure, denoted as IBBLAKE. This formulation uses as input the gun geometry, projectile mass and
resistive pressure profile, propellant geometry, propellant thermochemistry, and electrical energy history.
By iterating on the mass of propellant consumed in a time step, which is passed to BLAKE along with
the electrical energy, the conservation equations are satisfied. Since the equilibrium state of the gas at any
time step must consider the work during expansion in terms of projectile kinetic energy, fluid kinetic
energy, and other losses (assumed 0.0 for the purposes of this study), the electrical energy is reduced by
the predicted kinetic energies of the gas and projectile on any time step. (Note: This may result in a
negative electrical energy input to the BLAKE calculation.) The mass of propellant consumed is then
determined and the pressures, projectile motion, and other IB information are output.

Secondly, the BLAKE subroutine was integrated into an inverse code (Wren and Oberle 1990, 1992)
which utilizes experimental data in order to infer the mass of propellant consumed at any time step. The
linked model is denoted as INVBLAK. The inverse model uses as input experimental values of projectile
position, electrical energy input to the gun, and chamber pressure. Assuming a Lagrange gradient, it is
then possible to infer space-mean pressure in the experiment since the gas volume, projectile kinetic
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energy, and fluid kinetic energy are known. The BLAKE subroutine is used to supply a space-mean
pressure based on an electrical energy density and loading density for the propellant gases. By iterating
on the mass of propellant consumed, the space-mean pressure in the experiment and the space-mean
pressure predicted by BLAKE are simultaneously satisfied. The output is then the mass of propellant
consumed at time step.

3. COMPARISON WITH SOLID PROPELLANT MODEL

In order to assess the effect of incorporating updated thermochemical values in a solid propellant only
simulation, the gun described in Table 3 was modeled with IBHVG2 and IBBLAKE. To perform the
simulation, a choice conceming the burn rate and, hence, the mass generation rate for the solid propellant,
must be made. For both IB codes, the bum rate is provided in the form r = bP". If fixed thermochemical
values are utilized in the IB code, then the choice for the bum rate is straightforward. Use the coefficient
b and exponent n determined via closed chamber data and the fixed thermochemical values. (Note that
the burn rate is thus a function of the thermochemical values). However, if variable thermochemical
values are to be used in the IB code, then the burn rate should be adjusted to be consistent with the closed
chamber data and thermochemical values. Since for this report the thermochemical values are a function
of loading density, it was necessary to adjust the bumn rate to account for the variability in /d shown in
Figure 2. One approach would be to perform an extensive series of closed chamber firings at different
loading densities. However, such a series of firings was not feasible for this report.

Table 3. Gun Parameters Used in Simulation

—

Bore Diameter: 120 mm Projectile Mass: 114 kg
Chamber Volume: 9,750 cm® | Charge Mass: 8.8 kg
Projectile Travel: 475 cm Propellant: JA2

s —
— —

Thus, the bum rate as a function of loading density is estimated by the following approach. The final
equation for computing the bumn rate » from closed chamber data is

r=t (M




where 1 is the time rate of change of mass, p the material density, and A the reacting surface area.
Assuming constant propellant density, p, and a neutral (constant) reacting surface area, A, the bumn rate
is directly proportional to the time rate of change of the mass, 1,

r = km. )

Now the mass history (mass vs. time) is determined from the closed chamber pressure history by
determining the total chemical energy necessary to produce the observed pressure and the relation,

total chemical energy (TCE) = mass propellant consumed * propellant specific energy
=m*e. (3

If variable thermochemical values are utilized, then the propellant specific energy, e, will also be a
function of loading density. However, the total chemical energy required is dependent only on the
observed closed chamber pressure.

Thus,
my (Py) = ¢, (Py) = TCE(P,)

=mp(Py) * e45(Py) s @

where P, represents an observed pressure, and [d1 and ld2 values are associated with two different loading
densities. To compute /i, consider two pressures, P, and P,, measured in a time step Ar. From
Equation 4,

Mg (P2) €141 (Pp) = mygy (Py) €y (Py) gy (Pa) €143 (Py) - mygy (Py)€gg3 (Py)

At At ©)




However, the specific energy is a function of loading density, not pressure; thus,

or

Combining Equations 2 and 7,

or

M) €141 = Mig2€142

Mgy _ €la2

Mgy €141

rnay  kmgay e
= =

r e
ld1 - ld1

Tiaz kg €4y

r(ld = 02g/cm3)  e(ld = 02gfcm>)

A

()

)

(8

©

assuming that the closed chamber data has been fitted with a one-part burn rate, which is usually the case.
Equation 9 is used to adjust the bumn rate as a function of loading density. For the single-perforated grain
under consideration, the neutral surface area assumption is felt to be reasonable.

The results are shown in Table 4. It can be seen that the results are in good agreement, indicating
that the approximation of the thermochemistry of the propelling gas using constant thermochemical values
at a ld of 0.2 g/cm® and a pressure-dependent bum rate law based on a Id of 0.2 g/cm> used in IBHVG2
are reasonable. Thus, it appears that constant thermochemical values at a Id of 0.2 g/cm> provides a good
simulation of solid propellant performance.

Table 4. Comparison of IBHVG2 and IBBLAKE for Simulation of 120-mm

Gun Using Single-Perforated JA2 Propellant

Muazzle Velocity
| (m/s)
1,403
1415




In the case of ETC propellants, energy is not only a function of loading density but a function of
electrical energy density as well. Figure 3 shows a graph of energy vs. Id vs. electrical energy density
for a representative candidate ETC propellant of 80% by mass of HAN and methanol in a stoichiometric
mixture and 20% water. Current lumped parameter ETC IB models using variable thermochemistry utilize
tables of energy vs. electrical energy density at a constant Id of 0.2 g/cm>. Figure 3 shows significant
variation of energy of up to 30% at a constant id = 0.2 g/em?, with electrical energy densities in the range
of 0.4 kJ/g to 2.0 kJ/g. Thus, it might be expected that greater differences between IBHVG2 and
IBBLAKE would be observed.

In order to determine a qualitative difference between the two types of simulations (and since a
buming rate is not known for the ETC propellant considered), the simulation is performed with all input
parameters identical 1o those used previously for the solid propellant except that the thermochemical
properties are changed to those of the HAN, methanol, and water mixture and the bumning rate is not
adjusted. A comparison of the maximum pressure and muzzle velocity is shown in Table 5. The
maximum breech pressures are comparable, and the projectile velocity differs by 4%, a larger difference
than noted in the JA2 simulation.

Table 5. Comparison of IBHVG2 and IBBLAKE for Simulation of 120-mm
Gun Using a HAN/Methanol/Water Mixture

Maximum
Pressure | Muzzle Velocity
(MP3) (m/s)
IBHVG2 350 1,128
IBBLAKE 349 LI172

Thus, it appears that IB models using constant thermochemical values at a loading density of
0.2 g/em?, combined with pressure-dependent experimental data reduced at the same ld, provide good
simulation of traditional solid propellant guns based on this limited study. However, ETC propellants
combined with electrical energy may display thermochemical properties which are more strongly affected
by loading density considerations. Thus, it appears that traditional IB methods of approximating the
properties of the propelling gas may not be adequate in ETC simulations.
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4. COMPARISON WITH INVERSE MODEL

An inverse model was developed previously (Wren and Oberle 1990, 1992) using variable
thermochemistry at Id = 0.2 g/cm> and applied to a number of experimental shots. The model requires
experimental breech pressure, projectile position, and electrical energy input at a time step and infers the
mass of propellant consumed based on an energy balance equation. At gun pressures, compression of the
liquid propellant can resuit in volume changes which affect the calculation of consumed mass. Thus, the
model has been extended to treat compression of the working fluid (propellant) and consider losses as well
as to extrapolate the thermochemical data (Wren and Oberle 1992). The model was revised for this study
to permit the use of BLAKE as a subroutine. The mass of propellant consumed is that required to produce
the space-mean pressure inferred from the experiment.

Electrical energy input for a 30-mm experimental firing, Shot 39, performed by GT-Devices (Greig
1990) as part of a repeatability series using titanium hydride and water is shown in Figure 4 by the dotted
line. The previous inverse model results (Wren and Oberle 1992) using a table of variable thermochemical
properties (sec Table 6) at a fixed Id of 0.2 g/cm® is shown in Figure 4 by the solid line. In previous work,
thermochemical values outside the range of Table 6 were taken to be the first and last values in the table
(Wren and Oberle 1990) or were extrapolated (Wren and Oberle 1992). However, early (during the first
millisecond) in the IB cycle, electrical energy densities are predicted to be quite high (above 10 kJ/g) and
temperatures are high (above 5,000 K). However, the projectile motion is also not well described during
the first millisecond in Shot 39. Hence, the estimate of mass consumed during the time from 0.0 to
1.0 ms is not reliable. It is noted that the inverse analysis is an energy balance at each time step
independent of any other time step. Hence, the difficulty with prediction of mass consumed from 0.0 to
1.0 ms does not influence the prediction at a later time. The total mass of propellant in the experiment
is 168.84 g. As indicated by the solid line in Figure 4, approximately 150 g of propellant is inferred to
be consumed using a variable thermochemistry table (Table 6).

The linked inverse-BLAKE code (INVBLAK) results are shown by the triangles in Figure 4. It is
seen that significantly less fluid is inferred to be consumed. These results are consistent with experimental
observations that a quantity of unbumed fluid was present at the conclusion of these shots (Greig 1990).
For comparison, the /d vs. time required by BLAKE to maich the experimental space-mean pressure is
shown in Figure 5. It is noted that the Id stays below 0.1 g/cm’, a regime in which the specific energy
is higher than for a Id of 0.2 g/cm3 (see Figure 3). The experiment has a large amount of ullage initially,
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and if all the propellant reacted, the final id would be 0.07 g/cm>. Thus, the inclusion of thermochemical
dependence on loading and electrical energy densities in the inverse model appears w provide a better
estimate of the mass of propellant consumed in the ETC gun firing examined.

Table 6. Variable Thermochemical Values for 50% TiyH, and 50% H,O Plus Electrical Energy
at ld = 02 g/em?

6793
826.7
969.0
1,106.3
12392
1,368.6
1,495.8
1,624
1,749.4
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Figure 4. Inverse model results for 30-mm titanium hydride and water firing.
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5. CONCLUSIONS

A thermochemical equilibrium code, BLAKE, has been directly linked to both an IB code and an
inverse code in order to assess the potential improvement in describing the energy release rate in ETC gun
modeling. The inverse analysis attempts to determine the decomposition or gas generation rate necessary
to satisfy an energy balance equation based on experimental data.

The analysis was applied to the following: 1) a simulation of a standard 120-mm gun with JA2
propellant; 2) a simulation of a standard 120-mm gun with a potential representative ETC propeliant; and
3) an inverse model of a 30-mm experimental firing using titanium hydride and water as the propellant
(working fluid). The results suggest the following:

(1) The thermochemical code BLAKE can function as a subroutine to an IB code.

13




(2) Constant values of thermochemical properties and bum rates used in solid propellant modeling
yield comparable results to the linked thermochemical-IB model.

(3) There is a greater difference between an IB simulation linked to BLAKE of an ETC propellant
and an IB simulation using constant thermochemical values than with traditional solid propellants.
The muzzle velocities differ by 4%, a larger difference than the solid propellant considered.

(4) A consideration of variable thermochemistry via a direct link to BLAKE in an inverse model (as
opposed 1o tables of thermochemical values based on a constant loading density of 0.2 g/fcm?)

makes a significant difference in the inferred values of mass of propellant consumed.

(5) Treatment of the dependence of thermochemistry on both electrical energy density and loading
density appears to provide a better model of the state of the propelling gas in ETC applications.

14




6. REFERENCES

Anderson, R, and K. Fickie. "IBHVG2—A User’s Guide." BRL-TR-2829, U.S. Army Ballistic Research
Laboratory, Aberdeen Proving Ground, MD, July 1987.

Bunte, S., and W. Oberle. "A Themmochemical Analysis of Proposed Working Fluids for
Electrothermal Guns." BRL-TR-3000, U.S. Army Ballistic Research Laboratory, Aberdeen Proving
Ground, MD, June 1989.

Freedman, E. "BLAKE—A Thermodynamics Code Based on TIGER: Users’ Guide and Manual.”
BRL-TR-02411, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD, July 1982.

Freedman, E. Private communication. Eli Freedman and Associate, Baltimore, MD, 1991.

Gough, P. S. "Influence on Interior Ballistics of Electrothermal Gun Rate of Mixing of Plasma With
Working Fluid." Proceedings of the 26th JANNAF Combustion Meeting, Pasadena, CA, October
1989.

Greig, R. Private communication. GT-Devices, Alexandria, VA, 1990.

Oberle, W. "Electrothermal Guns—A Theoretical Investigation of Factors for Optimal Performance.”
BRL-TR-2999, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD, June 1989.

Robbins, F. Private communication. U.S. Amny Ballistic Research Laboratory, Aberdeen Proving
Ground, MD, 1991.

White, K., and W. Oberle. "The Effect of Condensed Phase Combustion Products on Ballistic
Performance.” Proceedings of the 26th JANNAF Combustion Meeting, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA, October 1989.

Wren, G., and W, Oberie. "Decomposition Rate of Working Fluid in ETC Guns as Determined From an
Inverse Analysis.” Proceedings of the 27th JANNAF Combustion Meeting, Cheyenne, WY, October
1990. '

Wren, G., and W. Oberle. "An Inverse Analysis of Electrothermal-Chemical Gun Data." BRL-TR-3391,
U.S. Amny Ballistic Research Laboratory, Aberdeen Proving Ground, MD, September 1992.

15




INTENTIONALLY LEFT BLANK.

16




(Unclags. enly) |

No. of
Copies Organization

2  Administrator
Defense Technical Info Center
ATIN: DTIC-DDA
Cameron Station
Alexandria, VA 22304-6145

1 Commander
U.S. Army Materiel Command
ATTN: AMCAM
5001 Eisenhower Ave.
Alexandria, VA 22333-0001

1 Director
U.S. Army Research Laboratory
ATIN: AMSRL-D
2800 Powder Mill Rd.
Adelphi, MD 20783-1145

1 Director
U.S. Ammy Research Laboratory
ATTN: AMSRL-OP-CI-AD,
Tech Publishing
2800 Powder Mill Rd.
Adelphi, MD 20783-1145

2  Commander
U.S. Army Armament Research,
t, and Engineering Center
ATIN: SMCAR-IMI-1
Picatinny Arsenal, NJ 07806-5000

2  Commander
U.S. Army Armament Research,
Development, and Engineering Center
ATTIN: SMCAR-TDC
Picatinny Arsenal, NJ 07806-5000

1 Director
Benet Weapons Laboratory
U.S. Amy Ammament Research,
Development, and Engineering Center
ATTN: SMCAR-CCB-TL
Watervliet, NY 12189-4050

Commander

U.S. Army Rock Island Arscnal

ATTN: SMCRI-IMC-RT/Technical Library
Rock Island, IL  61299-5000

1 Director
U.S. Army Aviation Research
and Technology Activity
ATIN: SAVRT-R (Library)
M/S 219-3
Ames Research Center
Moffett Field, CA 94035-1000

No. of

Copies Organization

1

(Clas. only) |

(Unclass. enly) |

10

17

Commander

U.S. Army Missile Command
ATIN: AMSMI-RD-CS-R (DOC)
Redstone Arsenal, AL  35898-5010

Commander

U.S. Army Tank-Automotive Command

ATTN: ASQNC-TAC-DIT (Technical
Information Center)

Warren, MI 48397-5000

Director

U.S. Army TRADOC Analysis Command
ATIN: ATRC-WSR

White Sands Missile Range, NM  88002-5502

Commandant

U.S. Army Field Artillery School
ATTN: ATSE-CSI

Fu Sill, OK 73503-5000

Co-  .andant

U.S. Army Infantry School

ATIN: ATSH-CD (Security Mgr.)
Fort Benning, GA 31905-5660

Commandant

U.S. Army Infantry School
ATTIN: ATSH-CD-CSO-OR
Fort Benning, GA 31905-5660

WL/MNOI
Eglin AFB, FL 32542-5000

Aberdeen Proving Ground

Dir, USAMSAA
ATIN: AMXSY-D
AMXSY-MP, H. Cohen

Cdr, USATECOM
ATIN: AMSTE-TC

Dir, ERDEC
ATTN: SCBRD-RT

Cdr, CBDA
ATIN: AMSCB-CI

Dir, USARL
ATTN: AMSRL-SL-I

Dir, USARL
ATTN: AMSRL-OP-CI-B (Tech Lib)




No. of

Copies Organization

1

Director

U.S. Army BMD

Advanced Technology Center
P. O. Box 1500

Huntsville, AL 35807

Chairman

DOD Explosives Safety Board
Room 856-C

Hoffman Bldg. 1

2461 Eisenhower Ave.
Alexandria, VA 22331-0600

Department of the Army
Office of the Product Manager

155mm Howitzer, M109A6, Paladin
ATTN: SFAE-AR-HIP-IP, Mr. R. De Kleine
Picatinny Arsenal, NJ 07806-5000

Commander

Production Base Modemization Agency

U.S. Army Amament Research,
Development, and Engineering Center

ATTN: AMSMC-PBM-E, L. Laibson

Picatinny Arsenal, NJ 07806-5000

PEO-Armaments

Project Manager

Tank Main Armament Systems

ATTIN: AMCPM-TMA-105
AMCPM-TMA-120

Picatinny Arsenal, NJ 07806-5000

Director
Benet Laboratories
U.S. Army Watervliet Arsenal
ATTN: SARWYV-RD,

G. Carafano

R. Thierry

R. Hasoenbein

P. Votis
Watervliet, NY 12189

Commander, USACECOM

R&D Technical Library

ATTN: ASQNC-ELC-IS-L-R, Myer Center
Fort Monmouth, NJ 07703-5301

18

No. of

Copies Organization

3

Commander
U.S. Army AMCCOM
ATTN: AMSMC-IRC, G. Cowan
SMCAR-ESM(R),
W. Forune
R. Zastrow
Rock Island, I 61299-7300

Commandant

U.S. Amy Aviation School
ATTN: Aviation Agency
Fort Rucker, AL 36360

Director

HQ, TRAC RPD

ATTIN: ATCD-MA, MAJ Williams
Fort Monroe, VA 23651-5143

Headquarters

U.S. Army Materiel Command

ATTN: AMCICP-AD, Michael F. Fisette
5001 Eisenhower Ave.

Alexandria, VA 22333-0001

Commander
U.S. Army Armament Research,
Development, and Engineering Center

ATTN: SMCAR-CCD, D. Spring
SMCAR-CCS
SMCAR-CCH-T, L. Rosendorf
SMCAR-CCH-V, E. Fennell

Picatinny Arsenal, NI 07806-5000

Commander
U.S. Army Amament Research,
Development, and Engineering Center
ATTN: SMCAR-AE, J. Picard
SMCAR-AEE-B,
A. Beardell
D. Downs
S. Einstein
A. Bracuti
D. Chiu
SMCAR-AEE, J. Lannon
SMCAR-AES, S. Kaplowitz
Picatinny Arsenal, NJ 07806-5000




No. of

11 Commander
U.S. Aty Armament Research,
Development, and Engineering Center
ATTN: SMCAR-FSA-T, M. Salsbury
SMCAR-FSE,
T. Gora
B. Knutelsky
K. C. Pan
W. Davis
C. Durham
A. Graf
SMCAR-EG,
G. Ferdinand
H. Naber-Libby
R. Lundberg
N. Niles
Picatinny Arsenal, NJ 07806-5000

10  Commander
U.S. Aty Research Office
ATTN: Technical Library
D. Mann
P.O. Box 12211
Research Triangle Park, NC 27709-2211

1 Commander
U.S. Amy Belvoir R&D Center
ATTN: STRBE-WC,
Technical Library (Vault)
Bidg. 315
Fort Belvoir, VA 22060-5606

1 Commander
U.S. Army TRAC - Fort Lee
Defense Logistics Stdies
Fort Lee, VA 23801-6140

1  President
U.S. Ammy Antillery Board
Font Sill, OK 73503

1 Commandant

U.S. Army Command and General Swaff College

Fort Leavenworth, KS 66027-5200

1 Commandant
U.S. Army Special Warfare School
ATTN: Rev and Tng Lit Div
Fort Bragg, NC 28307

19

No. of

Copies Organization

i

Commander

Radford Army Ammunition Plant
ATTN: SMCRA-QA/HI Library
Radford, VA 24141

Commander
U.S. Amy Foreign Science and Technology Center
ATTN: AMXST-MC-3,
S. LeBeau
C. Beiter
220 Seventh St., NE
Charlottesville, VA 22901

Commandant

U.S. Army Field Artillery Center and School
ATTN: ATSF-CO-MW, B. Willis

Fort Sill, OK 73503

Deputy Commander
Strategic Defense Command
ATIN: SFAE-SD-HVL,

S. Smith

LTC Kee

D. Lianos
P.0O. Box 1500
Huntsville, AL 35887-3801

Naval Sea Systems Command
Department of the Navy
ATTN: CSEA, CDR Dampier
06KR12

Washington, DC 20362-5101

Office of Naval Research
ATTN: Code 473, R. S. Miller
800 N. Quincy St.

Arlington, VA 22217

Commander
Naval Sea Systems Command
ATTN: SEA 62R

SEA 64
Washington, DC 20362-5101

Commander

Naval Air Systems Command
ATTIN: AIR-954, Technical Library
Washington, DC 20360




No. of
Copies Organization

1  Naval Research Laboratory
Technical Library
Washington, DC 20375

2  Commander
Naval Surface Warfare Center
ATTN: J.P. Consaga
C. Gotzmer
Silver Spring, MD 20902-5000

2 Commander
Naval Surface Warfare Center
ATTN: K. Kim, Code R-13
R. Bemnecker, Code R-13 -
Silver Spring, MD 20902-5000

6  Commander
Naval Surface Warfare Center
ATTN: Code G33,
T. Doran
J. Copley
Code G30, Guns and Munitions
Division
Code G301, D. Wilson
Code G32, Gun Systems Division
Code E23, Technical Library
Dahigren, VA 22448-5000

2 Commander
Naval Underwater Sysiems Center
Energy Conversion Dept.
ATTN: Technical Library
Newport, RI 02840

3 Commander
Naval Surface Warfare Center
Indian Head Division
ATIN: 610, C. Smith
6110J, K. Rice
6110C, S. Pelers
Indian Head, MD 20640-5035

1 Commander
Naval Weapons Center
ATTN: Code 388, C. F. Price
Info Science Div
China Lake, CA 93555-6001

No. of

Copies Organization

1

10

20

OSD/SDIO/IST

ATTN: Dr. Len Caveny
Pentagon

Washington, DC 20301-7100

OLAC PL/TSTL
ATTN: D. Shiplett
Edwards AFB, CA 93523-5000

Commandant

U.S. Army Field Artillery School
ATTN: STSF-TSM-CN

Fort Sill, OK 73503-5600

Central Intelligence Agency

Office of Central Reference Dissemination Branch
Room GE47 HQS

Washington, DC 20502

Central Intelligence Agency
ATTN: Joseph E. Backofen
NHB, Room SNOI
Washington, DC 20505

Director
Sandia National Laboratories
ATTN: T. Hichcock

R. Woodfin

D. Benson

S. Kempka

R. Beasley
Advanced Projects Div 14
Organization 9123
Albuquerque, NM 87185

Director
Los Alamos National Laboratory
ATTN: B. Kaswhia
H. Davis
Los Alamos, NM 87545

Director

Lawrence Livermore National Labaratory
ATTN: M. S. L-355, A. Buckingham
P.O. Box 808

Livermore, CA 94550




No. of

g.- g - .

2

Director
Sandia National Laboratories
Combustion Research Facility
ATTN: R. Amstrong

S. Vosen
Division 8351
Livermore, CA 94551-0469

University of Hlinois

Dept. of Mech./Indust. Engr.

ATTN: Professor Herman Krier, 144 MEB
1206 N. Green St.

Urbana, IL 61801

The Johns Hopkins University/CPIA
ATTN: T. Christian

10630 Little Patuxent Parkway, Suite 202
Columbia, MD 21044-3200

Pennsylvania State University
Dept. of Mechanical Engr.

ATIN: Dr. K Kuo

312 Mechanical Engineering Bldg.
University Park, PA 16802

North Carolina State University
ATTN: John G. Gilligan
Box 7909

1110 Burlington Engineering Labs
Raleigh, NC 27695-7909

SRI International

Propulsion Sciences Division
ATTN: Technical Library
333 Ravenswood Ave.
Menlo Park, CA 94025

SPARTA

ATTN: Dr. Michael Holland
9455 Towne Center Dr.

San Diego, CA 92121-1964

FMC Naval Systems Division
ATTN: Mr. G. Johnson
Mr. M. Seale
Dr. A. Giovanetti
Mr. J. Dyvik
Dr. D. Cook
4800 East River Rd.
Minneapolis, MN 55421-1498

21

No. of

3

GT Devices
ATTN: Dr. S. Goldstein
Dr. R. J. Greig
Dr. N. Winsor
5705A General Washington Dr.
Alexandria, VA 22312

General Dynamics Land Systems
ATTN: Dr. B. VanDeusen
Mr. F. Lunsford
Dr. M. Weidner
P.O. Box 2074
Warren, M1 48090-2074

Science Applications International Corporation
ATTN: Mr. N. Sinha
Dr. S. Dash
501 Office Center Drive, Suite 420
Fort Washington, PA 19034-3211

Alliant Techsystems, Inc.

ATTIN: R.E. Tompkins
J. Kennedy

MN38-3300

10400 Yellow Circle Dr.

Minnetonka, MN 55343

Olin Ordnance

ATTN: V. McDonald, Library
Hugh McEtroy

P.O. Box 222

St. Marks, FL 32355

Paul Gough Associates, Inc.
ATIN: P.S. Gough

1048 South St.

Portsmouth, NH 03801-5423

Physics International Library
ATTIN: H. Wayne Wampler
P.O. Box 5010

San Leandro, CA 94577-0599

Rockwell International
Rockewdyne Division
ATTN: BAOS,

J. E. Flanagan
J. Gray

6633 Canoga Ave.
Canoga Park, CA 91304




No. of No. of

Copies Organization Copies Organization
2  Princeton Combustion Research Aberdeen Proving Ground
Laboratories
ATTN: M. Summerfield 4  Cdr, USACSTA
N. Messina ATTN: S. Walion
Princeton Corporate Plaza G. Rice
11 Deerpark Drive D. Lacey
Bldg. IV, Suite 119 C. Herud

Monmouth Junction, NJ 08852

2 Science Applications Intemational Corporation
ATIN: J. Batteh
L. Thomhill
1519 Johnson Ferry Rd.
Suite 300
Marietta, GA 30062-6438

1 Eli Freedman & Associate
ATTN: E. Freedman
2411 Diana Rd.
Baltimore, MD 21209

1 Veritay Technology, Inc.
4845 Millersport Hwy.
P.O. Box 305
East Amherst, NY 14051-0305

1  Batelle
ATTN: TACTEC Library, J. N. Huggins
505 King Ave.
Columbus, OH 43201-2693

2  Cslifornia Institute of Technology
Jet Propulsion Laboratory
ATTN: L. D. Strand, MS 125-224
D. Elliot
4800 Oak Grove Dr.
Pasadena, CA 91109

1 General Electric Co.
Defense Systems Division
ATIN: Dr. ). Mandzy
Mail Drop 43-220
100 Plastics Ave.
Piusfield, MA 01201

1 Dept. of Electrical Engineering
ATTN: Dr. W.]J. Sargeant,
James Clark Maxwell Professor
Bonner Hall - Room 312
Baffalo, NY 14260

22




No. of
Copies Organization
2 RARDE
_ GS2 Division
Building R31
ATTN: Dr. C. Woodiey
Dr. G. Cook
Fort Halstead
Sevenoaks, Kent TN14 7BP

England

23




INTENTIONALLY LEFT BLANK.

24




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your
comments/answers to the items/questions below will aid us in our effons.

1. ARL Report Number ARL-TR-63 Date of Report February 1993

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for
which the repont will be used.)

4. Specifically, how is the repon being used? (Information source, design data, procedure, source of
ideas, etc.)

S. Has the information in this repon led to any quantitative savings as far as man-hours or dollars saved,
operating costs avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate
changes to organization, technical content, format, etc.)

Organization

CURRENT Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address
above and the Old or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, staple or tape closed, and mail.)




DEPARTMENT OF THE ARMY

OFRCIAL BUSINESS

BUSINESS REPLY MAIL
FIRST CLSS PERMIT Jo 0001, APS, MD

Postage will be paid by addressee

Director

U.S. Army Research Laboratory

ATTN: AMSRL-OP-CI-B (Tech Lib)
Aberdeen Proving Ground, MD 21005-5066

Il

NO POSTAGE
NECESSARY
1F MAILED
IN THE
UNITED STATES




